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A B S T R A C T
Chrysanthemum morifolium Ramat. is a commonly grown ornamental worldwide. A proper timing of nitrogen (N)
supply is essential for a qualitative crop and the return on investment for growers. Sub-optimal nitrogen nu-
trition negatively influences the commercial plant quality, while supra-optimal N has an environmental impact
due to nitrate leaching. Therefore, (a) reliable indicator(s) of plant nitrogen status is/are needed. Two field-
grown potted Chrysanthemum cultivars, ‘Maya’ and ‘Orlando’ were studied for three consecutive years
(2016–2018). Three different N treatments were applied in order to obtain a variation in N content. Plant quality
measurements consisted of plant height, diameter, leaf mass per area (2017 and 2018 only), biomass and foliar
and plant N content analysis. Optical measurements were performed with a SPAD sensor (2016 and 2017) and a
Dualex Scientific sensor (2017 and 2018) on leaf level and with a GreenSeeker NDVI meter on canopy level.
Biomass, height and diameter tended to be smaller in the minimal fertilizer treatments. Leaf mass per area did
influence the relation between N and chlorophyll measured with SPAD and Dualex. Epidermal polyphenolics
measured with Dualex correlated better with foliar nitrogen than non-destructive chlorophyll measurements and
the nitrogen balance index. Since abaxial epidermal polyphenolics were highly correlated with foliar nitrogen
and convenient to measure in-field, we propose this measurement for decision support in Chrysanthemum fer-
tilization. Because of cultivar and sometimes year-to-year variability, reference plots can be of help for growers
and advisors. NDVI was found to be more susceptible for yearly variation, but very high correlation with several
quality parameters and convenience in use make this vegetation index useful for detecting the extent of spatial
quality variability and thus support site dependent N requirements to reach the desired plant diameter at the end
of the growing season.
1. Introduction
Chrysanthemum morifolium Ramat. is one of the most commonly
grown ornamental species worldwide (Mol et al., 1995; Royal
FloraHolland, 2016; Xia et al., 2006). The phenotype of high quality pot
chrysanthemum is a hemispherical shape completely covered with
flowers (cushion type) and rich green leaves. Timing nitrogen (N) ap-
plication during the outdoor production phase, to supply adequate N
when the crop needs it, will reduce the environmental impact while a
high plant quality will be maintained.
Nitrogen is the second most essential element within plants, only
bypassed by carbon. N functions as a constituent of proteins, nucleic
acids, chlorophyll and other cellular metabolites (Hawkesford et al.,
2012). In most plants, including Chrysanthemum spp., N deficiency re-
sults in growth restrictions, a dense rooting system, affected flower size
and/or color as well as small, pale green leaves (Roorda Van Eysinga
and Smilde, 1980). Hardly any information is available on foliar N
sufficiency rates in Chrysanthemum spp., but 3% and 2.5% N on a dry
weight basis have been reported as the lower limit to avoid stress (Lunt
et al., 1964; Roorda Van Eysinga and Smilde, 1980). A foliar N content
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over 5% is considered excessive. N uptake is known to occur con-
tinuously from planting onwards until the start of the flowering stage,
thereafter uptake slows down (Lunt et al., 1964; MacDonald et al.,
2013; Yoon et al., 2000). For reasons listed above, a proper N supply is
essential for plant quality and the return on investment for farmers.
This explains why oversupplying this nutrient is a recurring problem in
high-value horticultural cropping systems, i.e. growers tend to consider
N application as a safeguard for their income (Glass, 2003; Weinbaum
et al., 1992). Unfortunately, this unintentional tendency to over-ferti-
lize does not only lead to higher costs for growers, but also results in
high environmental costs by leaching and runoff of NO3− and some-
times phosphates associated with N in fertilizers into ground and sur-
face waters. Recently, more attention to optimize fertilization in out-
door ornamental production is given in order to reduce contamination
of the environment due to leaching of nitrogen. Besides soil and plant
analysis to estimate the need for additional N fertilization, non-de-
structive methods have been found useful.
As N is incorporated in chlorophyll, the foliar N content is positively
correlated with the chlorophyll content (Evans et al., 2001; Peoples and
Dalling, 1988). Therefore, proximal sensors based on the optical
properties of chlorophyll can help plant growers match their N appli-
cations with the actual demand at a particular moment in time. These
optical sensors have the advantage of being non-destructive, fast and
convenient for in-field use. Most optical chlorophyll sensors send a red
and infrared light pulse towards the plant tissues and subsequently
measure the reflected and/or transmitted intensity of both wavelengths.
Contrary to R light, IR light is barely absorbed by the chloroplast pig-
ments. Hence, these measurements can give an indication of the
amount of chlorophyll present in the leaves (Knipling, 1970; Li et al.,
2014). Optical sensors can be divided into two main groups, operating
either at individual leaf level or at canopy level. The first group, the
chlorophyll meters or leaf-clips, have the advantage of being con-
venient, rapid and straightforward for in-field use at an affordable
price. However, reflectance measurements of individual leaves might
not be representative for the entire plant. Whereas chlorophyll meters
measure one leaf at a time, the second group, the canopy reflectance
meters, measure the light reflectance of a distinct area of the field, or
even an entire field when tractor-mounted. These devices are often
more expensive and results are more sensitive to environmental con-
ditions (e.g. soil, weather, sensor-to-crop distance, seasonality) (Muñoz-
Huerta et al., 2013).
The most renowned device to measure chlorophyll content at leaf
level is the SPAD chlorophyll meter (SPAD-502, Konica Minolta, Osaka,
Japan), emitting sequentially red (640 nm) and infrared (940 nm) light.
The ratio of each transmitted and emitted wavelength is used as an
indicator for the amount of chlorophyll in the leaf per unit of leaf area
(Markwell et al., 1995). The SPAD meter was initially developed for
measurements on rice (Oryza sativa L.) and was afterwards extensively
studied in several other agricultural crops. More recently, the utility of
the SPAD meter has been tested on ornamental plants such as poinsettia
(Euphorbia pulcherrima L.) (Basyouni et al., 2015), several ornamental
shrubs (Demotes-Mainard et al., 2008; Martín et al., 2007), carnation
(Dianthus chinensis L.) (Basyouni et al., 2016) and gaillardia (Gaillardia
aristata Pursh) (Dunn et al., 2015). Although calibration equations for
multiple species were obtained in the past (Cerovic et al., 2012;
Markwell et al., 1995), it was also observed that SPAD and other leaf
clip readings can be affected by e.g. cultivar, leaf age and anatomical
characteristics such as dry leaf mass per area (LMA) (Koyama et al.,
2008; Louis et al., 2009; Neilsen et al., 1995; Turner and Jund, 1994;
Xiong et al., 2015). Because optical crop sensors predict area-based
pigment contents, changes in LMA can interfere with correlations be-
tween pigments and their mass based proxy (chlorophyll, N), and
should for this reason be considered (Peng Shaobing et al., 1993). But,
as LMA needs to be determined destructively, the advantages of non-
destructive sensors are partly negated.
To improve the reliability of estimating leaf N content with non-
destructive chlorophyll meters, other approaches have been proposed
recently. Due to a mutual precursor, L-phenylalanine, N supply not only
influences protein, and thus chlorophyll content, but also the poly-
phenolic (Phen) content. Hence, their synthesis is inversely correlated
(Jones and Hartley, 1999) and therefore the Phen content can be of
interest for the assessment of crop N status. The ratio of chlorophyll
over Phen or the nitrogen balance index (NBI) is thus an indicator of N-
deficiency due to different C/N-allocation under limited N supply
(Cartelat et al., 2005). The use of a ratio of two area-based estimators
should also erase the dependency on a varying LMA. Another approach
considers the Phen content as a proxy for LMA as both parameters in-
crease with irradiance (Cerovic et al., 2015, 2012; Poorter et al., 2009).
Goulas et al. (2004) described a portable leaf-clip instrument that
can assess the concentration of epidermal Phen compounds (EPhen,
mainly flavonoids) in leaves, using chlorophyll fluorescence: Dualex
(FORCE-A, Orsay, France). Flavonoids have an UV light screening effect
in the epidermis, reducing the deleterious effects of UV light reaching
chlorophyll molecules. Measuring the emitted chlorophyll fluorescence
after UV light illumination thus estimates its concentration. Dualex
operates with an UV-A (375 nm) light source and a red reference beam
(650 nm) (Goulas et al., 2004). The device’s latest version, a Dualex
Scientific, derives the chlorophyll content simultaneously from light
transmission differences between two IR wavelengths (710 and 850 nm)
(Cerovic et al., 2012). The one-sided NBI can therefore be calculated
simultaneously, but should be recalculated afterwards using the total
summed EPhen, as adaxial flavonoids tend to be more abundant than
abaxial flavonoids in planophile plant leaves (Barnes et al., 2000; Kolb
and Pfündel, 2005; Liakoura et al., 2003). The Dualex sensor has been
tested in grapevines (Vitis vinifera L.) (Goulas et al., 2004), kale (Bras-
sica oleracea L.) (Dunn et al., 2016), corn (Zea mays L.) (Tremblay et al.,
2007), woody ornamentals (Demotes-Mainard et al., 2008) and several
other crops.
At canopy level, reflectance meters can be used to measure the light
reflectance of several wavelengths. The use of linear or non-linear
combinations of wavelengths sensitive to estimate plant canopy para-
meters, such as leaf area index, biomass and ground cover, and in-
sensitive to others (e.g. soil background, sun angle, atmospheric re-
fraction) have led to numerous vegetation indices (VI) (Tucker, 1979).
The Normalized Difference Vegetation Index (NDVI) is the most widely
adopted VI for the estimation of biomass and nitrogen content (Goel,
1988). NDVI is calculated as the ratio of the reflected amount of (IR – R)
and (IR+R) light and was first reported to be related with green
biomass by Deering et al. (1974). A frequently used device to measure
this index is the GreenSeeker NDVI-meter (GreenSeeker RT100, NTech
Industries, Ukia, CA) (Basyouni et al., 2015; Ji et al., 2017; Kipp et al.,
2014). This active sensor sends out light beams of 660 (R) and 770 nm
(IR) to the canopy area and measures the reflection of emitted light of
each wavelength captured by its detector. Other available sensors, e.g.
CropScan, do not use an internal light source but measure the re-
flectance of sunlight instead and are called passive sensors (Li et al.,
2014; Muñoz-Huerta et al., 2013). The GreenSeeker has been used in
corn (Zea mays L.) (Freeman et al., 2007), poinsettia (Euphorbia pul-
cherrima L.) (Basyouni et al., 2015), cabbage (Brassica oleracea var.
capitata L.) (Ji et al., 2017) and several other crops.
The objectives of this study are (1) to determine if SPAD and/or
Dualex measurements can predict N content and thus N deficiency for
two outdoor-grown pot Chrysanthemum cultivars ‘Maya’ and ‘Orlando’,
(2) to examine the link between NDVI, biomass, foliar N content and
plant N content. The validation of these two objectives is an essential
step to determine the utility of non-destructive proximal sensors as an
on-farm decision support system in Chrysanthemum cultivation.
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2. Materials and methods
2.1. Sampling site, planting material and experimental design
Experimental work was conducted at PCS Ornamental Plant
Research (PCS), Destelbergen, Belgium (51°04′18.3″N, 3°49′01.5″E).
The soil had a fine sand texture and organic carbon content of 1.6%.
Three experiments were carried out for three consecutive years (2016,
2017 and 2018).
Rooted cuttings of C. morifolium, ‘Maya’ and ‘Orlando’ (cushion
phenotype), were obtained from a commercial propagator (Dataflor,
Zonnebeke, Belgium) and transplanted into 3.5 l pots with commercial
potting mixture (80% sphagnum peat;20% clay) mixed with 1.3 and
1 kg m−3 of 14N-16P-18 K fertilizer (PG Mix®, quick release fertilizer)
for 2016 and both 2017 and 2018, respectively. In 2016, 2 kg m−3 of
17N-10P-11 K controlled release fertilizer (Osmocote® Pro, 5/6 month
product) was mixed within the substrate as well. In 2017, 0.23, 0.69
and 1.14 kg m-³ 19N-6P-20 K fertilizer (Kristalon® Blue, fast dissolving
water soluble product) dissolved in rain water was supplied instead (5
times one application week-1) in order to create different substrate N
concentrations from the beginning of the experiment onwards. In 2018,
Kristalon® Blue was replaced by a singular application of 0.43, 0.86 and
1.29 kg m-³ granulated 22N-5P-11 K fertilizer (Osmoform®, 6 weeks
product). No corrections for P and K were applied to the other treat-
ments.
After potting, the plants were placed outdoors on a container field
mid-May and transported to the open field after 4 weeks of growth in
2016 (exact dates in Table A1, see Appendix A). This procedure was
similar for ‘Maya’ and was delayed by 2 weeks for ‘Orlando’ in 2017
and 2018. Measurement and sampling days are referred to as days after
transplantation (DAT) to the open field. All experimental plants were
surrounded by border plants.
Planting distance was 0.45m between rows and 0.90m within rows.
The 2016 sampling site consisted of 9 plots of 8m x 4.15m (298.8m²),
each 4 rows of 8 plants per cultivar. This area was doubled in the
second and third year (597.6 m²). Top soil (0–30 cm) in June contained
12 kg ha−1 mineral N in 2016, 27 kg ha−1 in 2017 and 13 kg ha−1 in
2018. For each cultivar, a randomized block design with three re-
plicates for each N level was used. Rates were selected based on pre-
vious observations for Chrysanthemum response on N and adapted after
soil analysis prior to starting. The following nitrogen soil dressing
treatments were applied to provide plants with N levels ranging from
deficient to excessive for the three consecutive years: 0 – 77–153 kg N
ha−1 in 3 applications (calcium ammonium nitrate, 27% N), 0 –
53–107 kg N ha−1 in 4 applications (Tropicote®, 15.5% N) and 0 –
50–75 kg N ha−1 in 3 applications (Tropicote®, 15.5% N) with intervals
of 1 to 4 weeks, depending on weather forecasts (Table 1, timing in
Table A1, see Appendix A). Before transplantation to the field in 2016,
each plot was fertilized with 2 kg Patentkali (30% K2O, 10% MgO and
42.5% SO3). In 2018 an additional dose of 457 g plot−1 was given in
July.
The growing seasons were characterized by contrasting weather
conditions (Table 2). In May and June precipitation was respectively
high for 2016 and exceptionally low for 2017. July – September were
relatively dry in 2016 and average in 2017. July 2018 was extreme dry
and warm. October was relatively dry in all years. Overhead sprinkler
irrigation was installed all three years to prevent excessive drought
stress. Weed and pest management were according to standard horti-
cultural practices.
2.2. Plant quality measurements
Plant height (from the edge of the pot to the apical shoot, bud or
flower) and diameter (average of two perpendicular measurements)
were measured at 2 to 3-week intervals, this for five preselected plants
per plot. At the same time aboveground plant biomass of one re-
presentative plant per plot in 2016 and 2017 and two in 2018 (= three
or six plants per N treatment) was measured, dried at 60 °C for 48 h for
mass based N content determination by dry combustion analysis using
an elemental analyzer (Vario MAX CNS, Elementar, Germany).
2.3. Optical measurements at leaf level
A total of 4410 leaves were sampled during the experiment.
Approximately every two to three weeks, 10 leaves per plot (= 30
leaves per N treatment) for the first two years and 15 leaves per plot
(= 45 leaves per N treatment) in 2018 per cultivar were selected from
the middle to upper area of the plants. Only fully expanded sun-exposed
leaves were measured (Fig. 1). A SPAD-502 chlorophyll meter (KonicaTable 1
Overview of applied N fertilizer rates (kg N ha−1), mixed with the substrate or
applied as soil dressing after transplantation to the field. N0: deficiency treat-





Fertilizer N0 N1 N2 N0 N1 N2 N0 N1 N2
in pots PG Mix® 13 13 13 10 10 10 10 10 10
Osmocote® Pro 24 24 24 0 0 0 0 0 0
Kristalon® Blue 0 0 0 3 9 15 0 0 0
Osmoform® 0 0 0 0 0 0 7 13 20
as soil dressing CAN 0 77 153 0 0 0 0 0 0
Tropicote® 0 0 0 0 53 107 0 50 75
Total N applied 37 114 190 13 72 132 17 73 105
Abbreviations: CAN, Calcium Ammonium Nitrate.
Table 2
Average precipitation (mm) and air temperature (°C) during Chrysanthemum
growing months at the experimental site and 30-year average data from RMI
Belgium, Ukkel (1981–2010).
Precipitation (mm) Air temperature (°C)
P2016 P2017 P2018 P30-yr
avg.
T2016 T2017 T2018 T30-yr
avg.
May 115.6 24.2 28.8 66.5 14.4 15.6 16.2 13.6
June 98 22.4 25.2 71.8 16.8 19.5 18 16.2
July 27 68.4 3.8 73.5 19.4 18.8 21.8 18.4
August 44.2 71.0 69.8 79.3 18.9 18.1 19 18
September 16 71.6 43.8 68.9 17.6 14 14.8 14.9
October 53.4 41.0 30.8 74.5 10.1 13.4 12.2 11.1
Abbreviations: RMI, Royal Meteorological Institute of Belgium; P, Precipitation;
T, Temperature; 30-yr avg., 30-year average.
Fig. 1. Adaxial sides of the leaves of Chrysanthemum morifolium ‘Maya’ (A) and
‘Orlando (B).
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Minolta, Osaka, Japan) was used in 2016 and 2017 years to estimate
area-based chlorophyll content. Per leaf, three different readings were
taken for ‘Maya’ and two different readings for ‘Orlando’ (due to
smaller leaf size) at the adaxial side of the leaf, avoiding the mid-rib. In
2017 and 2018 a Dualex Scientific meter (FORCE-A, Orsay, France) was
used additionally to estimate area-based chlorophyll content (Chl) and
epidermal polyphenols (EPhen). Two measurements were taken on both
adaxial and abaxial sides of the same leaves used for SPAD and aver-
aged to estimate Chl. For total EPhen, adaxial and abaxial EPhen was
summed. The nitrogen balance index (NBI) was calculated as the ratio
between mean Chl and total EPhen (NBI=Chl x EPhen−1).
Digital images of leaves were analyzed by ImageJ software (version
1.51j8) to obtain the leaf area (LA). Leaf mass per area (LMA, g m−²),
was calculated as LMA=DW x LA-1. Leaf dry weight (DW, g) was de-
termined by weighing the leaves after drying at 60 °C for 48 h.
For foliar nitrogen analysis the dried leaves were pooled per plot,
grinded and stored until further analysis. Mass based N content (NM) of
the samples was determined by dry Dumas combustion analysis using
an elemental analyzer (Vario MAX CNS, Elementar, Germany). The
lower sufficiency limit of 2.75% NM was calculated as the average value
of the lower sufficiency values found in literature, respectively 3% and
2.5% (Lunt et al., 1964; Roorda Van Eysinga and Smilde, 1980). By
multiplying NM with LMA, area-based N content (NA) was obtained
(NA=NM x LMA).
2.4. Optical measurements at canopy level
All plant rows from each plot were scanned at the same frequency as
measurements at leaf level with a GreenSeeker to obtain NDVI
(GreenSeeker RT100, NTech Industries, Ukia, CA). Due to a technical
defect at the end of the season in 2018, the last sampled plants could
not be scanned. The sensor-canopy distance was kept between 80 and
100 cm to enable stable sensor output (Kipp et al., 2014). Measure-
ments were taken within 2 h from local solar noon to minimize influ-
ences by solar irradiation differences (Beneduzzi et al., 2017). In 2016,
the harvested plants did introduce gaps in the rows, which were mea-
sured along with the GreenSeeker and might reduce average NDVI of
that row. This was avoided in the later years.
2.5. Statistical analysis
Statistical analysis was carried out with R version 3.4.1 software (R
Core Team, 2017). Data are presented as means ± SE. The effect of N
treatments on the studied plant variables was assessed using analysis of
variance (ANOVA) followed by Tukey’s honest significant difference
(HSD) post hoc test (p < 0.05). The normal distribution and the
homoscedasticity of variance assumptions were checked using Shapiro-
Wilk and Bartlett test, respectively. In some cases, when normality or
homoscedasticity was severely violated, the data were ln-transformed.
Pearson’s correlation coefficients (r) and regression techniques were
performed to analyze the correlation between optical sensor measure-
ments and N content in leaves and plants, using all the sampling dates
and replicates for the cultivars considered. Analyses of covariance
(ANCOVA) were conducted to test cultivar and growing season de-
pendency on the relation between EPhen versus NM and on N uptake
versus FW.
3. Results
3.1. Effects of fertilization levels on plant quality (height, diameter and
biomass) and N uptake
No significant differences in plant height and diameter were ob-
served during the growing season (data not shown), nor at harvest time
(Table 3). However, the zero fertilizer treatment tended to result in a
smaller diameter. When comparing the three seasons, plant biomass
and height were noticeably smaller in 2017 and 2018 compared with
the first growing season.
At the end of the growing season smallest aboveground biomass was
observed for all N0 treatments, but this was only significant for ‘Maya’
in 2016 (Fig. 2A). During the growing season, biomass differed sig-
nificantly between fertilization levels for ‘Maya’ in 2017 at 79 DAT
(N2 > N0) (Fig. 2B). This was also the case for ‘Orlando’ in 2016 at 69
DAT (N1 > N0 and N2 > N0) and at 79 DAT (N2 > N0) (Fig. 2D). At
51, 68 and 77 DAT, N1 and N2 resulted in a higher biomass compared
to N0 for ‘Orlando’ in 2017 (Fig. 2E). No significant differences in
aboveground biomass were noted in 2018 (Fig. 2C and 2 F). Total
aboveground N uptake of ‘Maya’ was significantly higher for N1 and N2
compared to N0 in all three years. For ‘Orlando’, N2 showed a higher N
uptake compared to N0 in 2017, while in 2016 and 2018 no differences
were found (Table 3).
3.2. Seasonal changes in leaf N content, LMA and optical leaf
measurements during treatments
Leaf mass-based N content (NM) varied widely within each growing
season. In 2016, NM of ‘Maya’ first decreased from almost 3% to±2.5%
at 28 DAT and then increased to a maximum of almost 4% at 83 DAT
(Fig. 3A). At the end of the growing season NM dropped again. In 2017 a
similar pattern was observed without a drop in N content towards the
end of the growing season (Fig. 3B). In 2018, early measurements re-
vealed a high NM at the very beginning of the growing season (Fig. 3C).
Significant differences were found at 83 and 112 DAT in 2016, at 50,
65, 77 and 103 DAT in 2017 and at 2, 13, 77 and 99 DAT in 2018. NM of
‘Maya’ in 2016 dropped under the sufficiency limit of 2.75% N twice for
N0 and N1 and once for N2. This occurred in 2017 for all treatments at
the second sampling moment and for N0 at three later sampling mo-
ments as well. In 2018 this occurred twice for N0 only and once for all
three treatments.
Differences between treatments were minimal for ‘Orlando’ in 2016,
only at the start (13 DAT), N2 had a significant higher NM (Fig. 3D). In
2017, NM of N0 treatment was significantly lower from the early start
(N0 < N2) until 37 DAT (N0 < N1,2) and then increased quickly
(Fig. 3E). Significant differences between the ‘Orlando’ treatments only
occurred twice in 2018, at 66 and 88 DAT (Fig. 3F). NM of ‘Orlando’ was
in 2016 only deficient at the first sampling moment for N0 and N1. In
2017, the N0 treatment resulted in foliar N contents below 2.75% N in
the first half of the growing season. In 2018 the foliar N content of
‘Orlando’ was always above the postulated threshold.
Leaf mass per area (LMA) was determined in 2017 and 2018. For
‘Maya 2017, LMA increased shortly after transplantation to the field,
decreased immediately and stagnated around 80 g m−2 (Fig. B1 A, see
Appendix B). Leaf area decreased more quickly than leaf mass, leading
to a high LMA peak at 21 DAT. A similar pattern was observed in 2018
(Fig. B1 B, see Appendix B). In contrast, ‘Orlando’ maintained a fairly
constant LMA in 2017 (around 70 g m−2) during the entire growing
season, with exception of the N0, having a significantly higher LMA
compared to the other treatments at 10 and 37 DAT (Fig. B1 C, see
Appendix B). For ‘Orlando’ 2018, LMA was generally lower compared
to 2017 while no significant differences were present between treat-
ments (Fig. B1 D, see Appendix B). For ‘Maya’, leaf area-based nitrogen
content (NA) results in less significant differences compared to NM in
2017 while the opposite was true for ‘Orlando (Fig. 3B and E). It can be
noticed that the difference between NA of the fertilization treatments is
much smaller at 37 DAT compared with NM (Fig. 3E), at this moment
LMA of N0 is significantly bigger as well (Fig. B1 C, see Appendix B).
In 2016, the SPAD meter could only detect different chlorophyll
contents between the fertilization levels at one time point for both
cultivars (data not shown). In 2017, no differences between treatments
were found in SPAD for ‘Maya’ and once for Chl at 79 DAT (Fig. 4A). In
2018, Chl differed at 56 and 99 DAT (Fig. 4B). For ‘Orlando’, differ-
ences in SPAD occurred for all but one moment in 2017 (91 DAT).
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However, SPAD values did not differ among N1 and N2 at any point in
time (Fig. 4C). Similar results were found for Chl. Significant differ-
ences in Chl of ‘Orlando’ were absent in 2018 (Fig. 4D). The epidermal
polyphenolics content (EPhen) of N0 was significantly higher than that
of N2 from 50 DAT onwards until the end of the crop cycle (with the
exception of 91 DAT) for ‘Maya’ in 2017 (Fig. 4A). No differences could
be detected in 2018 (Fig. 4B). For ‘Orlando’, EPhen values differed at
10, 28 and 37 DAT in 2017 (Fig. 4C) and at 88 DAT in 2018 (Fig. 4D).
NBI was generally able to detect a higher number of differences be-
tween treatments for ‘Maya’ and ‘Orlando’, with the exception of ‘Or-
lando’ in 2018 (Fig. 4).
3.3. Changes in plant N content and optical plant measurements (NDVI)
during treatments
The plant N content differed greatly over the growing seasons and
between the cultivars and was mostly lower than the NM content in the
leaves (Figs. 3 and 5 A–F). Concentrations in 2017 were generally lower
compared to concentrations in 2016 and 2018 for both cultivars. Except
for N0 of ‘Orlando’ in 2017, the plant N concentration fell gradually
during the growing season with some fluctuations in between
(Fig. 5A–F). In 2016, the three different nitrogen treatments did not
result in significant differences in N content, except for ‘Orlando’ at 126
DAT (Fig. 5D). In 2017 however, the nitrogen content of N0 of ‘Maya’
was lower at 89 and 104 DAT (Fig. 5B). This was also the case at all but
two sampling moments for ‘Orlando’ (Fig. 5E). In 2018, treatments only
Table 3
Final plant quality measurements and nitrogen uptake of two Chrysanthemum cvs. ‘Maya’ and ‘Orlando’. Values are means ± SE. Values labelled by different letters
significantly differ at P < 0.05 (Tukey’s HSD-test).
Cultivar Year DAT N treatment Applied N (kg ha−1) Height (cm) Diameter (cm) Aboveground biomass (g plant−1) Aboveground N uptake (kg ha-1)
Maya 2016 113 N0 37 33.4 ± 1.2a 57.3 ± 1.9a 290.6 ± 15.5b 102.8 ± 11.6b
N1 114 34.8 ± 0.7a 59.3 ± 1.6a 373.1 ± 8.8a 146.2 ± 9.9a
N2 190 32.7 ± 0.4a 60.8 ± 1.2a 360.2 ± 15.5a 154.3 ± 4.6a
2017 104 N0 13 30.9 ± 0.2a 55.9 ± 1.2a 203.9 ± 48.9a 55.6 ± 9.1b
N1 72 30.9 ± 0.6a 57.9 ± 0.7a 303.8 ± 27.7a 106.4 ± 7.7a
N2 132 30.8 ± 0.8a 58.8 ± 1.2a 321.8 ± 33.3a 124.6 ± 15.8a
2018 99 N0 17 27.3 ± 1.5a 50.5 ± 1.2a 186.4 ± 9.8a 57.8 ± 4.3b
N1 73 30.7 ± 1.2a 58.3 ± 2.1a 261.9 ± 24.1a 102.1 ± 13.7a
N2 105 32.2 ± 1.2a 58.4 ± 2.9a 263 ± 22.2a 102.7 ± 12.5a
Orlando 2016 126 N0 37 31.7 ± 0.6a 51.2 ± 0.7a 289.5 ± 33.1a 122.7 ± 9.6a
N1 114 32.8 ± 0.7a 53.9 ± 0.4a 333.5 ± 17.2a 137.6 ± 7.3a
N2 190 31.9 ± 0.9a 52.8 ± 1.4a 332.4 ± 25.6a 165.7 ± 14.4a
2017 106 N0 13 25.8 ± 0.5a 41.7 ± 0.7a 172.3 ± 24.6a 60.4 ± 9.1b
N1 72 28.4 ± 1.3a 46.3 ± 1.1a 206.2 ± 23.1a 79.6 ± 6.1ab
N2 132 27.3 ± 1.7a 45.3 ± 1.5a 231.5 ± 2.6a 97.3 ± 0.9a
2018 109 N0 17 25.3 ± 0.5a 45.4 ± 0.5a 184.9 ± 7.6a 71.8 ± 4.6a
N1 73 26.5 ± 0.9a 47.3 ± 2.0a 195.1 ± 19.0a 86.1 ± 3.8a
N2 105 27.7 ± 1.1a 49.3 ± 1.1a 208.3 ± 14.3a 90.8 ± 5.8a
Abbreviations: DAT, Days After Transplantation.
Fig. 2. Biomass increase in each cultivar at each experimental year (A: ‘Maya’ 2016, B: ‘Maya’ 2017, C: ‘Maya’ 2018, D: ‘Orlando’ 2016, E: ‘Orlando’ 2017, F:
‘Orlando’ 2018). Full black, dotted red and dashed grey lines represent N0, N1 and N2 treatments respectively. Each point is the mean of three replicates. Means
labelled by different letters did significantly differ at P < 0.05. If no letters are present, no significant differences were present at that time point.
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resulted in significant differences for ‘Maya’ at the very beginning of the
growing season, and at the end as well (Fig. 5.C). There were little
differences in N concentration between N1 and N2 treatments for both
cultivars and all years.
NDVI increased for all treatments throughout the measuring period
(Fig. 5G-L). In 2016, both cultivars’ NDVI show an S-shaped curve. The
NDVI increase of ‘Maya’ levels off at the end of the measuring period in
2016 and 2017, which was not the case in 2018. NDVI at the end of the
growing season differs approximately 0.1 units between 2016 at the one
hand and the two later years on the other hand (± 0.7 in 2016
vs. ± 0.8 in 2017 and 2018) (Fig. 5G-I). This difference is also present
for ‘Orlando’, but not as distinctive as for ‘Maya (± 0.68 in 2016
vs. ± 0.73 in 2017 and 2018) (Fig. 5J-L). Although the N0 treatment
showed the lowest NDVI at any time, GreenSeeker was only able to
detect significant differences between treatments at 55 DAT in 2016, 63
and 89 DAT in 2017 and at 56 and 81 DAT in 2018 for ‘Maya’ and at 39
and 51 DAT for ‘Orlando’ in 2017 (Fig. 5G-L).
3.4. Correlations between Chl, EPhen, NBI and N content in leaves
All sampling days were considered to identify useful parameters to
predict foliar N content. Correlations between LMA, optically measured
parameters and foliar N (mass- and area-based) were investigated.
Correlations between SPAD and NM were absent in 2016 for both cul-
tivars (data not shown). An overview of the most important correlations
for 2017 and 2018 are given in Table 4.
In 2017, SPAD was recurrently investigated but LMA and Dualex
measurements were included as well. In 2018, SPAD measurements
were no longer performed. A significant but only moderate correlation
for SPAD and NM (Pearson’s r= 0.56) was found for ‘Orlando’. When
comparing with mass-based SPAD (SPAD/LMA) instead, the correlation
became significant for ‘Maya’ as well (Table 4). Also mass-based Chl
(Chl/LMA) correlated better with NM compared with the original sensor
value. However, Fig. 6A shows clearly that R² are only moderate and
that the curves tend to saturate quickly. Similar findings were found for
Chl measured with Dualex in 2017 (Fig. 6 B). In 2018 however, the
Pearson correlation between Chl and NM is negative for both cultivars
(Fig. 6C). When the very first sampling moment, characterized by a low
LMA and a high NM, is excluded from the dataset (DAT = -2 for ‘Maya’
and 2 for ‘Orlando’), Pearson’s r is positive but not significant (r= 0.28,
p=0.06 for ‘Maya’ and r= 0.11, p=0.47 for ‘Orlando’). Since NBI is
the Chl:EPhen-ratio, the first measuring moment also affects the cor-
relation with NBI in 2018 (Table 4).
Strongest correlations for both years and cultivars were found be-
tween foliar NM content and EPhen (Table 4). Analysis of covariance
(ANCOVA) showed that the slopes of the regression equation were
different for each cultivar per year (P < 0.05). For ‘Maya’ 2017, a
polynomial second order quadratic model (EPhen= 5.4 – 1.5NM + 018
NM ², R²= 0.72) fitted the relationship between NM and EPhen better
than a linear model (P < 0.05), indicating saturation at high NM levels
(Fig. 7A). This was also the case in 2018 (EPhen= 3.7 – 0.073 NM -
0.12 NM ², R²= 0.86) (Fig. 7B). This was not observed for ‘Orlando’
2017, where a linear model was sufficient to describe the relation be-
tween NM and EPhen (EPhen= 4.6 – 0.57 NM, R²= 0.76) (Fig. 7D). A
linear model was also adequate for this cultivar in 2018 (EPhen=4.0 –
0.37 NM, R²= 0.74) (Fig. 7E).
The correlation of NM between total, adaxial and abaxial EPhen is
slightly different and adaxial EPhen are higher than abaxial EPhen
(Fig. 7). Also one-sided EPhen measurements, especially that of abaxial
EPhen, are equally well or even better correlated with NM. The corre-
lation between abaxial EPhen and NM is cultivar dependent as well and
is given by the following equations in 2017 for ‘Maya’ and ‘Orlando’
Fig. 3. Changes of N content of young full grown leaves of the two Chrysanthemum cultivars (A: ‘Maya’ 2016, B: ‘Maya’ 2017, C: ‘Maya’ 2018, D: ‘Orlando’ 2016, E:
‘Orlando’ 2017, F: ‘Orlando’ 2018). Black lines represent the N content in terms of dry mass (NM). Red lines represent the N content in terms of leaf area (NA). Full,
dotted and dashed lines represent N0, N1 and N2 treatments respectively. The dotted horizontal line at 2.75% NM represents the lower sufficiency limit for
Chrysanthemum. Means labelled by different letters (small letters for NM, capital letters for NA) did significantly differ at P < 0.05. If no letters are present, no
significant differences were present at that time point. Each point is the mean of 3 replicates of 10 leaves in 2016 and 2017 and of 15 leaves in 2018.
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respectively: EPhenab= 2.3 – 0.61 NM + 0.064 NM ² (R²= 0.79) and
EPhenab= 2.1 – 0.31 NM (R²= 0.74). In 2018 the correlation equations
are: EPhenab= 2.1 – 0.37 NM (R²= 0.84) and EPhenab= 1.9 – 0.25 NM
(R²= 0.74). Fig. 7C and F show the regression for ‘Maya’ and ‘Orlando’
when both years are considered. ANCOVA pointed out that ‘year’ had a
significant effect on the regression equation (EPhenab versus NM) for
‘Maya’ but not for ‘Orlando’, thus common equations for both years can
be used for this cultivar: EPhenab= 2.2 – 0.42 NM + 0.022 NM ²
(R²= 0.74).
3.5. Correlations between NDVI, height, diameter, biomass and N content/
uptake in plants
According to the Pearson correlation tests N uptake and FW, DW,
height and plant diameter closely correlated for both cultivars and
experimental years separately (Table B1, see Appendix B). Combining
the data of the three years and both cultivars also resulted in very high
overall correlations, despite ANCOVA analysis between ln transformed
N uptake and FW showed that both cultivars and years had slightly
different regression equations (P < 0.001) (Fig. 8).
All sampling days were considered to determine whether NDVI was
correlated with plant parameters throughout the growing season
(Table 5). NDVI correlated very well with biomass (fresh and dry
weight) for both cultivars and all three years. NDVI correlated in most
cases even better with non-destructive and easy to measure parameters
such as height and diameter. Weak negative correlations were found
between NDVI and plant N% for ‘Maya’ in all three years and for ‘Or-
lando’ in 2016 and 2018. A linear relation between NDVI and FW (log
transformed) is presented (Fig. 9). The regression equation for ‘Maya’
differs between 2016 at one hand and 2017 and 2018 at the other hand.
A combined equation for the last two years is: log(FW)=1.25+2.14
NDVI. For ‘Orlando’ the regression is only valid on annual base.
4. Discussion
4.1. Variability in plant quality and N concentration
The visual plant quality of pot Chrysanthemum is determined by
plant diameter and the presence of a compact bushy hemispherical
phenotype. This plant quality is associated with applied nitrogen levels
as we also found in this research. Lower nitrogen supply in 2016 re-
sulted in a reduced plant quality for ‘Maya’ if no supplemental nitrogen
was given (N0) and only N from soil mineralization was available when
roots penetrated into the soil (Fig. A1, see Appendix A). Although not
often significant, diameter, biomass and aboveground N uptake were
also consistently smaller for the N0 treatments for all years and culti-
vars. Overhead sprinkler irrigation was installed, but it is assumable
that the dry weather conditions at the start of the second experimental
year caused a reduced root growth resulting in a relatively lower plant
height, diameter and biomass and N uptake later that year. This was
also the case in 2018, especially in July shortly after the plants were
transplanted to the field and when there was almost no natural rainfall
in combination with very high temperatures.
N fertilization resulted in an increase in NM compared to the N0
treatment though seasonal changes were present as well. The foliar NM
sufficiency value of 2.75% in Chrysanthemum spp. (Lunt et al., 1964;
Roorda Van Eysinga and Smilde, 1980) was not always reached.
Especially in the first part of the growing season of 2017, NM of N0
averaged below the lower limit. The limited rainfall in May-June
probably resulted in lower N mineralization and availability (Fig. 3);
when weather conditions were more favorable, the gap became smaller.
Despite of the first part of the growing season of 2018 being char-
acterized by similar weather conditions, this large gap was not ob-
served. Although NM was generally only a few times below the limit of
2.75% for N0, this treatment tended to have the smallest diameter and
Fig. 4. Changes in optical leaf parameters of
young full grown leaves of the two
Chrysanthemum cultivars (A: ‘Maya’ 2017, B:
‘Maya’ 2018, C: ‘Orlando’ 2017, D: ‘Orlando’
2018). Black lines represent area based chlor-
ophyll content measured with SPAD, blue lines
chlorophyll content measured with Dualex
(Chl), red lines the epidermal polyphenolics
(EPhen) measured with Dualex and grey lines
NBI (nitrogen balance index=Chl:EPhen-
ratio). Full, dotted and dashed lines represent
N0, N1 and N2 treatments respectively. Means
labelled by different letters did significantly
differ at P < 0.05. If no letters are present, no
significant differences were present at that time
point. Each point is the mean of 3 replicates of
10 leaves in 2016 and 2017 and of 15 leaves in
2018.
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biomass. This implies that the suggested foliar N sufficiency threshold
of 2.75% is rather low for recent cultivars. Low NM clearly coincides
with high LMA values (thicker leaves) (Fig. 3 and Fig. B1, see Appendix
B). This can be explained by the fact that when the LMA is high, the
amount of nitrogen is diluted in a larger amount of leaf material (Jones
and Hartley, 1999; Meyer et al., 2006).
Fig. 5. Seasonal changes in plant N content (%) and NDVI of the two Chrysanthemum cultivars (A,G: ‘Maya’ 2016, B,H: ‘Maya’ 2017, C,I: ‘Maya’ 2018, D,J: ‘Orlando’
2016, E,K: ‘Orlando’ 2017, F,L: ‘Orlando’ 2018). Full, dotted and dashed lines represent N0, N1 and N2 treatments respectively. Each data point is the mean of 3
replicates of one plant in 2016 and 2017 and two pooled plants in 2018. Means labelled by different letters did significantly differ at P < 0.05. If no letters are
present, no significant differences were present at that time point.
Table 4
Pearson correlation coefficient (r) of optical parameters (SPAD, Chl, EPhen, NBI) vs. destructively measured leaf parameters (NM, NA) in two Chrysanthemum cvs.
‘Maya’ and ‘Orlando’ for 2017 (n° of data point between brackets).
Maya 2017 Maya 2018 Orlando 2017 Orlando 2018 Overall
SPAD vs. NM 0.2 (72)ns – 0.56 (72)*** – 0.22 (297)***
SPAD vs. NA 0.52 (72)*** – 0.53 (62)*** – 0.56 (135)***
SPAD/LMA vs. NM 0.62 (72)*** – 0.72 (62)*** – 0.66 (135)***
Chl vs. NM 0.24 (72)* −0.58 (54)*** 0.44 (72)*** −0.6 (54)*** −0.01 (252)ns
Chl vs. NA 0.56 (72)*** 0.6 (54)*** 0.33 (62)* −0.4 (54)** 0.36 (243)***
Chl/LMA vs. NM 0.66 (72)*** 0.43 (54)** 0.58 (62)*** −0.24 (54)ns 0.53 (243)***
EPhen vs. NM −0.82 (72)*** −0.92 (54)*** −0.86 (72)*** −0.85 (54)*** −0.77 (252)***
EPhen vs. NA −0.35 (72)** 0.34 (54)* −0.8 (62)*** −0.73 (54)*** −0.34 (243)***
EPhen/LMA vs. NM 0 (72)ns 0.47 (54)** −0.38 (62)* −0.3 (54)* −0.23 (243)***
NBI vs. NM 0.6 (72)*** 0.1 (54)ns 0.77 (72)*** 0.03 (54)ns 0.45 (252)***
NBI vs. NA 0.6 (72)*** 0.48 (54)** 0.7 (62)*** 0.16 (54)ns 0.54 (243)***
Chl vs. SPAD 0.86 (72)*** – 0.79 (72)*** – –
LMA vs. NM −0.53 (72)*** −0.85 (54)*** −0.7 (62)*** −0.46 (54)** −0.66 (243)***
Abbreviations: SPAD, chlorophyll measured with a SPAD meter; NM, mass-based foliar N content; NA, area-based nitrogen content; LMA, leaf mass per area; Chl,
chlorophyll measured with Dualex; EPhen, epidermal polyphenol content measured with Dualex; NBI, nitrogen balance index.
ns = non-significant.
* = significant at P < 0.05.
** = significant at P < 0.01.
*** = significant at P < 0.001.
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4.2. Relationships between chlorophyll meter readings, Greenseeker and
nitrogen status
In both measuring years, SPAD was hardly able to distinguish be-
tween fertilization levels, except for ‘Orlando’ in 2017 (Fig.4). This was
not unexpected, given the limited differences in NM between the dif-
ferent treatments in 2016 (Fig. 3A and D) and for ‘Maya’ in 2017
(Fig. 3A). As LMA was also determined in 2017, we calculated NA. This
parameters explains the lack of distinction by SPAD, as relative smaller
differences in NA existed compared with NM on the consecutive mea-
suring dates and SPAD measurements are stronger for area-based cor-
relations (Peng Shaobing et al., 1993). Also Khoddamzadeh and Dunn
(2016) found that SPAD readings did not correlate well with NM in two
greenhouse grown chrysanthemum cultivars and differences in N fer-
tilizer rates were difficult to discern and showed both a temporal and
cultivar dependency. To our knowledge the Dualex sensor has never
been used to predict foliar N in Chrysanthemum spp. Chl measured with
Dualex behaves similarly as Chl measured with SPAD, but EPhen cor-
related very good with NM (Fig. 7). As less photoprotection is needed at
the abaxial leaf side, abaxial EPhen was lower in content but correlated
mostly better with NM compared with adaxial EPhen. Total EPhen,
however, showed, especially for ‘Orlando’, a steeper slope and thus a
higher distinctive power. For ‘Orlando’ the correlation is valid for both
years, but for ‘Maya’ small differences occur between 2017 and 2018,
despite a high R² for when both years are combined.
Contrary to previous research findings on other plant species, NBI
had no higher discriminatory power to detect differences in N fertili-
zation levels compared to EPhen alone (Demotes-Mainard et al., 2008).
Correlation analysis revealed that mass-based NM correlated better with
mass-based conversions of non-destructive chlorophyll measurements
(by dividing these parameters by LMA) (Table 4). This is consistent with
other researchers’ findings that LMA should be considered when using
SPAD to predict the foliar N% (Demotes-Mainard et al., 2008; Meyer
et al., 2006). Similar findings account for Chl measured with Dualex.
This is not the case for EPhen, which makes this a robust estimator for
NM irrespective of LMA change during the growing season.
NDVI of both ‘Maya’ and ‘Orlando’ was higher in 2017 and 2018
compared to 2016 although plant dimensions and nitrogen content were
lower. This contrast can be explained by the slightly different scanning
procedure: because gaps caused by plant harvest were scanned along
with the plants rows in 2016, mean NDVI was lower. This also explains
the difference in correlation between NDVI and FW (Fig. 9). Regression
lines of 2017 and 2018 of both cultivars are much more similar while the
regression lines in 2016 are more distinct. For ‘Orlando’ there were still
slightly different regression lines in 2017 and 2018, indicating other
parameters/stress factors must have influenced NDVI, for instance soil
brightness due to different soil water content (Huete et al., 1985). NDVI
correlated weakly (r<0.5) and/or negatively with plant N% (Table 5),
which can be elucidated by the contrasting evolution of biomass and
plant N% during the growing season (Figs. 2 and 5A–F). Since
Fig. 6. Relation between the mass-based N content (NM) and mass-based SPAD (A) and mass-based Chl measured with Dualex in 2017 (B) and 2018 (C) for ‘Maya’
(red triangles) and ‘Orlando’ (black dots). The dotted vertical line at 2.75% NM represents the lower sufficiency limit for Chrysanthemum. Each point is the mean of 3
replicates of 10 leaves in 2016 and 2017 and of 15 leaves in 2018.
Fig. 7. Relationship between the mass-based N content (NM) and total (black dots), adaxial (red triangles) and abaxial (light grey squares) epidermal polyphenolics
measured with Dualex (EPhen). (A: ‘Maya’ 2017, B: ‘Maya’ 2018, C: ‘Maya’ overall, D: ‘Orlando’ 2017, E: ‘Orlando’ 2018, ‘F’: ‘Orlando’ overall). The dotted vertical
line at 2.75% NM represents the lower sufficiency limit for Chrysanthemum. Each point corresponds to one replicate of 10 pooled leaves in 2016 and 2017 and 15 in
2018.
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Chrysanthemums change from herbaceous to more sclerified stems during
their development, it is self-evident that plant N% will reduce over time.
Khoddamzadeh and Dunn (2016) found that NDVI determined by a
handheld GreenSeeker correlated with foliar N of the two researched
Chrysanthemum cvs. for selected time points. These results suggest that
optical sensing might have potential for chrysanthemum although no
general seasonal approach was given.
4.3. Applicability of chlorophyll meter readings, Greenseeker for assessing
plant N status
Chl and SPAD were positively and tightly correlated (R²= 0.86 and
R²=0.79 for ‘Maya’ and ‘Orlando’ respectively, P < 0.001), thus both
leaf-clip meters can be used reciprocally for measuring the chlorophyll
content in Chrysanthemum leaves. However, a big disadvantage of non-
destructively measuring chlorophyll is the urge for an LMA-correction
to improve the correlation with foliar N. This LMA-correction is ne-
cessary because LMA and mass-based chlorophyll content, both influ-
encing parameters of the non-destructively measured chlorophyll con-
tent, are respectively negatively and positively correlated with NM. This
is not the case with EPhen, where both influential parameters (EPhenM
and LMA) are negatively correlated with NM (Fig. 10). EPhen values at
the early start of the growing season in 2018 did also not negatively
influence the correlation with NM, contrary to Chl (Fig. 6C). This makes
Fig. 8. Linear regression of ln transformed N
uptake vs. ln transformed FW for (A) ‘Maya’
and (B) ‘Orlando’ in 2016 (black dots) and
2017 (grey triangles). Regression equations for
2016, 2017 and 2018 respectively for ‘Maya’
are ln(N uptake) = -2.08+ 0.98 ln(FW), ln(N
uptake) = -2.31+0.98 ln(FW) and ln(N up-
take) = -1.84+ 0.93 ln(FW) and for ‘Orlando’
ln(N uptake) = -2.17+1.00 ln(FW), ln(N up-
take) = -2.96+ 1.10 ln(FW) and ln(N uptake)
= -1.98+ 0.96 ln(FW).
Table 5
Pearson correlation coefficient (r) of NDVI vs. destructively measured plant parameters (FW, DW, plant N) and other quality parameters (height and diameter) in
Chrysanthemum cvs. ‘Maya’ and ‘Orlando’ for 2016–2018 (n° of data points between brackets).
Maya 2016 Maya 2017 Maya 2018 Orlando 2016 Orlando 2017 Orlando 2018 Overall
NDVI vs. FW 0.93 (72)*** 0.80 (66)*** 0.89 (45)*** 0.93 (70)*** 0.76 (72)*** 0.92 (45)*** 0.74 (370)***
NDVI vs. DW 0.90 (72)*** 0.80 (66)*** 0.88 (45)*** 0.94 (71)*** 0.75 (72)*** 0.92 (45)*** 0.74 (371)***
NDVI vs. plant N (%) −0.44 (72)*** −0.50 (66)*** −0.82 (45)*** −0.39 (72)*** −0.02 (72)ns −0.8 (45)*** −0.51 (372)***
NDVI vs. height 0.94 (63)*** 0.90 (66)*** 0.91 (45)*** 0.87 (63)*** 0.87 (72)*** 0.91 (45)*** 0.77 (354)***
NDVI vs. diameter 0.94 (63)*** 0.90 (66)*** 0.92 (45)*** 0.91 (63)*** 0.87 (72)*** 0.96 (45)*** 0.84 (354)***
NDVI vs. N uptake (kg N ha−1) 0.89 (72)*** 0.78 (66)*** 0.85 (45)*** 0.92 (71)*** 0.73 (72)*** 0.90 (45)*** 0.68 (371)***
ns = non-significant, *= significant at P < 0.05, **= significant at P < 0.01.
*** = significant at P < 0.001.
Fig. 9. Correlation between fresh weight (FW)
and NDVI measured with GreenSeeker in 2016
(black), 2017 (grey) and 2018 (red) for ‘Maya’
(A) and ‘Orlando’ (B). Each symbol corresponds
to the DW of one replicate of 2 sampled plants
and the NDVI of the total plot. Regression
equations for ‘Maya’ are log
(FW)=0.55+ 3.82 NDVI, 1.23+2.15 NDVI
and log(FW)= 1.26+2.13 NDVI and for
‘Orlando’ log(FW) = −0.118+ 8.01 NDVI –
4.78 NDVI², log(FW)= 1.21+ 2.10 NDVI and
log(FW)= 0.24+ 6.44 NDVI - 4.23 NDVI² for
2016, 2017 and 2018 respectively.
Fig. 10. Influential parameters of non-destructively measured parameters chlorophyllA and EPhenA (area-based) measured with SPAD and Dualex.
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EPhen a reliable parameter for year-round prediction of foliar N con-
tent.
As strong (negative) correlations were found between foliar NM
content and abaxial EPhen for both cultivars, we can consider this type
of measurements as most valuable to non-destructively predict leaf N%.
The advantage of this high one-sided correlation is that it is less time
consuming and that measurements of both leaf sides do not have to be
summed afterwards, which improves in-field usability. Dualex can thus
be used as a quick and easy tool to identify an N deficit before plant
quality and dimension is affected. When using the lower sufficiency
limit of foliar NM of 2.75% in Chrysanthemum, EPhenab values below
1.09 for ‘Maya’ and 1.38 for ‘Orlando’ indicate an N deficit, however,
based on our research the sufficiency limit is cultivar and sometimes
growing season specific. Since Chrysanthemum growers often grow
multiple cultivars, obtaining cultivar-specific N sufficiency values is
expensive, time-consuming and therefore unfavorable. The use of on-
site well fertilized reference plots can be of help to improve the accu-
racy between actual crop N and raw sensor readings (Goffart et al.,
2008). Hence, also other influencing parameters, e.g. other nutrient
deficits or drought stress, can be eliminated.
Although statistical analysis indicated that regression equations
were slightly different over the years, overall correlations between N
uptake and FW, DW, height and diameter were very good, implying that
these parameters can be used to predict the amount of additional N
needed to attain a certain diameter at the end of growing season. The
amount of available mineral nitrogen in the soil and the expected
natural mineralization should then be subtracted to determine a sui-
table additional side dressing. Since N-uptake was less correlated with
NDVI compared to other non-destructive and easy to measure para-
meters, height and diameter, we do not consider GreenSeeker as a must-
have for the improvement of N fertilization in Chrysanthemum. Ji et al.
(2017) found that implementing cumulative growing degree days im-
proved the relation between NDVI and biomass over two growing
seasons, however, this cancels out the advantages of quick measuring
tools. Nevertheless it can be more convenient to scan an entire field
with a - whether or not tractor-mounted - GreenSeeker instead of
measuring individual plant diameters to look for within-field quality
and fertilizer need variance. For convenient N status assessment on field
level a Multiplex Research device (FORCE-A, Orsay, France), which is a
portable plant sensor measuring polyphenols, can be of help, but ap-
plicability for Chrysanthemums should be researched.
5. Conclusion
In conclusion, we have shown that non-destructive optical sensors
can be valuable decision-support methods to assess the N status of
Chrysanthemum cvs. ‘Maya’ and ‘Orlando’. At leaf level, we have shown
that LMA affects the correlation of NM and Chl, which is not the case
with EPhen. Hence, (abaxial) EPhen measured with Dualex can func-
tion as a reliable proxy for foliar N content. At canopy level, NDVI can
be useful to identify the need for additional side dressing to achieve the
desired plant quality, but is not informative as a proxy for plant N
concentration. Non-destructive optical sensors can thus support
Chrysanthemum growers to achieve a qualitative end product, avoiding
overfertilization and associated nitrate leaching.
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Appendix A
Fig. A1. Open–field Chrysanthemums production: pots are partly buried. After 2–4
weeks the roots reach the surrounding soil and start to absorb water and nu-
trients.
Table A1
Dates of potting, transplantation and fertilization for ‘Maya’ and ‘Orlando’ in 2016–2018.
2016 2017 2018
'Maya' 'Orlando' 'Maya' 'Orlando' 'Maya' 'Orlando'
potting date+ placement on container field May 18 May 18 May 18 June 1 May 14 June 6
transplantation to the field June 15 June 15 June 15 June 26 June 14 June 25
1 st pot dressing – – June 1 June 21 June 4 June 19
2nd pot dressing – – June 12 June 28 – –
3rd pot dressing – – June 20 July 5 – –
4rd pot dressing – – June 28 July 12 – –
5th pot dressing – – July 5 July 18 – –
1 st soil dressing June 22 June 22 July 12 July 12 July 20 July 20
2nd soil dressing July 25 July 25 July 18 July 18 August 10 August 10
3rd soil dressing August 29 August 29 July 27 July 27 September 3 September 3
4rd soil dressing – – August 11 August 11 – –




Barnes, P.W., Searles, P.S., Ballare, C.L., Ryel, R.J., Caldwell, M.M., 2000. Non-invasive
measurements of leaf epidermal transmittance of UV radiation using chlorophyll
fluorescence: field and laboratory studies. Physiol. Plant. 109, 274–283. https://doi.
org/10.1034/j.1399-3054.2000.100308.x.
Basyouni, R., Dunn, B.L., Goad, C., 2016. The use of nondestructive sensors to assess
nitrogen status in potted dianthus (Dianthus chinensis L.) production. Can. J. Plant
Sci. 97, 44–52. https://doi.org/10.1139/cjps-2016-0059.
Basyouni, R., Dunn, B.L., Goad, C., 2015. Use of nondestructive sensors to assess nitrogen
status in potted poinsettia (Euphorbia pulcherrima L. (Willd. Ex Klotzsch)) produc-
tion. Sci. Hortic. (Amsterdam) 192, 47–53. https://doi.org/10.1016/j.scienta.2015.
05.011.
Beneduzzi, H.M., Souza, E.G., Bazzi, C.L., Schenatto, K., 2017. Temporal variability in
active reflectance sensor-measured NDVI in soybean and wheat crops. Eng. Agric. 37,
771–781. https://doi.org/10.1590/1809-4430-Eng.Agric.v37n4p771-781/2017.
Cartelat, A., Cerovic, Z.G., Goulas, Y., Meyer, S., Lelarge, C., Prioul, J.L., Barbottin, A.,
Jeuffroy, M.H., Gate, P., Agati, G., Moya, I., 2005. Optically assessed contents of leaf
polyphenolics and chlorophyll as indicators of nitrogen deficiency in wheat (Triticum
aestivum L.). F. Crop. Res. 91, 35–49. https://doi.org/10.1016/j.fcr.2004.05.002.
Cerovic, Z.G., Ghozlen, N.Ben, Milhade, C., Obert, M., Debuisson, S., Le Moigne, M.,
2015. Nondestructive diagnostic test for nitrogen nutrition of grapevine (Vitis vini-
fera L.) based on dualex leaf-clip measurements in the field. J. Agric. Food Chem. 63,
3669–3680. https://doi.org/10.1021/acs.jafc.5b00304.
Cerovic, Z.G., Masdoumier, G., Ben Ghozlen, N., Latouche, G., 2012. A new optical leaf-
clip meter for simultaneous non-destructive assessment of leaf chlorophyll and epi-
dermal flavonoids. Physiol. Plant. 146, 251–260. https://doi.org/10.1111/j.1399-
3054.2012.01639.x.
Deering, D.W., Haas, R.H., Welch, R.I., Harlan, J.C., Whitney, P.R., 1974. Applied
Regional Monitoring of the Vernal Advancement and Retrogradation (Green Wave
Effect) of Natural Vegetation in the Great Plains Corridor. NASA/GSFC Type III Final
Rep. 371.
Demotes-Mainard, S., Boumaza, R., Meyer, S., Cerovic, Z.G., 2008. Indicators of nitrogen
status for ornamental woody plants based on optical measurements of leaf epidermal
polyphenol and chlorophyll contents. Sci. Hortic. (Amsterdam). 115, 377–385.
https://doi.org/10.1016/j.scienta.2007.10.006.
Dunn, B., Shrestha, A., Goad, C., 2016. Use of nondestructive sensors to quantify orna-
mental kale nitrogen status. J. Plant Nutr. 39, 1123–1130. https://doi.org/10.1080/
01904167.2015.1069342.
Dunn, B.L., Shrestha, A., Goad, C., Khoddamzadeh, A.A., 2015. Use of optical sensors to
monitor Gaillardia foug. Nitrogen status. J. Appl. Hortic. 17, 181–185.
Evans, C.A., Miller, E.K., Friedland, A.J., 2001. Effect of nitrogen and light on nutrient
concentrations and associated physiological responses in birch and fir seedlings. Plant
Soil 236, 197–207. https://doi.org/10.1023/A:1012772604362.
Freeman, K.W., Girma, K., Arnall, D.B., Mullen, R.W., Martin, K.L., Teal, R.K., Raun, W.R.,
2007. By-plant prediction of corn forage biomass and nitrogen uptake at various
growth stages using remote sensing and plant height. Agron. J. 99, 530–536. https://
doi.org/10.2134/agronj2006.0135.
Glass, A.D.M., 2003. Nitrogen use efficiency of crop plants: physiological constraints upon
nitrogen absorption. Crit. Rev. Plant Sci. 22, 453–470. https://doi.org/10.1080/
07352680390243512.
Goel, N.S., 1988. Models of vegetation canopy reflectance and their use in estimation of
biophysical parameters from reflectance data. Remote Sens. Rev. 4, 1–212. https://
doi.org/10.1080/02757258809532105.
Goffart, J.P., Olivier, M., Frankinet, M., 2008. Potato crop nitrogen status assessment to
improve N fertilization management and efficiency: past-present-future. Potato Res.
355–383. https://doi.org/10.1007/s11540-008-9118-x.
Goulas, Y., Cerovic, Z.G., Cartelat, A., Moya, I., 2004. Dualex: a new instrument for field
measurements of epidermal ultraviolet absorbance by chlorophyll fluorescence. Appl.
Opt. 43, 4488–4496. https://doi.org/10.1364/AO.43.004488.
Hawkesford, M., Horst, W., Kichey, T., Lambers, H., Schjoerring, J., Møller, I.S., White, P.,
2012. Functions of macronutrients. Marschner’s Mineral Nutrition of Higher Plants.
Elsevier, pp. 135–189. https://doi.org/10.1016/B978-0-12-384905-2.00006-6.
Ji, R., Ju, M., Wang, Y., Hu, C., Zhang, H., Shi, W., 2017. In-season yield prediction of
cabbage with a hand-held active canopy sensor. Sensors (Switzerland) 17, 1–14.
https://doi.org/10.3390/s17102287.
Jones, C.G., Hartley, S.E., 1999. A protein competition model of phenolic allocation.
Oikos 86, 27. https://doi.org/10.2307/3546567.
Khoddamzadeh, A.A., Dunn, B.L., 2016. Application of optical sensors for nitrogen
management in Chrysanthemum. HortScience 51, 915–920.
Kipp, S., Mistele, B., Schmidhalter, U., 2014. The performance of active spectral re-
flectance sensors as influenced by measuring distance, device temperature and light
intensity. Comput. Electron. Agric. 100, 24–33. https://doi.org/10.1016/j.compag.
2013.10.007.
Knipling, E.B., 1970. Physical and physiological basis for the reflectance of visible and
near infrared radiation from vegetation. Remote Sens. Environ. 1, 155–159.
Kolb, C.A., Pfündel, E.E., 2005. Origins of non-linear and dissimilar relationships between
Fig. B1. Changes in LMA of young full grown leaves of ‘Maya’ (A: 2017, B: 2018) and ‘Orlando’ (C: 2017, D: 2018). Full black, dotted red and dashed grey lines
represent N0, N1 and N2 treatments respectively. Each point is the mean of 3 replicates of 10 (2017) or 15 (2018) pooled leaves. Means labelled by the same letter did
not significantly differ at P < 0.05. If no letters are present, no significant differences were present at that time point.
Table B1
Pearson correlation coefficients r of N uptake vs. destructively measured plant parameters (FW, DW) and other quality parameters (height, diameter) in two
Chrysanthemum cvs. ‘Maya’ and ‘Orlando’ for 2016–2018 (n° of data point between brackets).
Maya 2016 Maya 2017 Maya 2018 Orlando 2016 Orlando 2017 Orlando 2018 Overall
N uptake vs. FW 0.96 (72)*** 0.98 (66)*** 0.98 (54)*** 0.99 (79)*** 0.99 (72)*** 0.98 (45)*** 0.97 (397)***
N uptake vs. DW 0.95 (72)*** 0.97 (66)*** 0.98 (54)*** 0.98 (80)*** 0.98 (72)*** 0.98 (54)*** 0.97 (398)***
N uptake vs. height 0.94 (72)*** 0.93 (66)*** 0.95 (54)*** 0.92 (79)*** 0.88 (72)*** 0.9 (54)*** 0.92 (397)***
N uptake vs. diameter 0.95 (72)*** 0.97 (66)*** 0.95 (54)*** 0.94 (79)*** 0.93 (72)*** 0.96 (54)*** 0.91 (397)***
ns = non-significant, * = significant at P < 0.05, ** = significant at P < 0.01.
*** = significant at P < 0.001.
J. Bracke, et al. Scientia Horticulturae xxx (xxxx) xxxx
12
epidermal UV absorbance and UV absorbance of extracted phenolics in leaves of
grapevine and barley. Plant Cell Environ. 28, 580–590. https://doi.org/10.1111/j.
1365-3040.2005.01302.x.
Koyama, L., Tokuchi, N., Fukushima, K., Terai, M., Yamamoto, Y., 2008. Seasonal changes
in nitrate use by three woody species: the importance of the leaf-expansion period.
Trees - Struct. Funct. 22, 851–859. https://doi.org/10.1007/s00468-008-0246-3.
Li, L., Zhang, Q., Huang, D., 2014. A review of imaging techniques for plant phenotyping.
Sensors (Basel). 14, 20078–20111. https://doi.org/10.3390/s141120078.
Liakoura, V., Bornman, J.F., Karabourniotis, G., 2003. The ability of abaxial and adaxial
epidermis of sun and shade leaves to attenuate UV-A and UV-B radiation in relation to
the UV absorbing capacity of the whole leaf methanolic extracts. Physiol. Plant. 117,
33–43. https://doi.org/10.1034/j.1399-3054.2003.1170104.x.
Louis, J., Meyer, S., Maunoury-Danger, F., Fresneau, C., Meudec, E., Cerovic, Z.G., 2009.
Seasonal changes in optically assessed epidermal phenolic compounds and chlor-
ophyll contents in leaves of sessile oak (Quercus petraea): towards signatures of
phenological stage. Funct. Plant Biol. 36, 732–741. https://doi.org/10.1071/
FP09010.
Lunt, O.R., Kofranek, A.N., Oertly, J.J., 1964. Some critical nutrient levels in
Chrysanthemum morifolium cv. Good News. Plant Anal. Fertil. Probl. 1, 398–491.
MacDonald, W.N., Blom, T.J., Tsujita, M.J., Shelp, B.J., 2013. Review: Improving ni-
trogen use efficiency of potted chrysanthemum: Strategies and benefits. Can. J. Plant
Sci. 93, 1009–1016. https://doi.org/10.4141/cjps2013-098.
Markwell, J., Osterman, J.C., Mitchell, J.L., 1995. Calibration of the Minolta SPAD-502
leaf chlorophyll meter. Photosynth. Res. 46, 467–472. https://doi.org/10.1007/
BF00032301.
Martín, I., Alonso, N., López, M.C., Prieto, M., Cadahía, C., Eymar, E., 2007. Estimation of
leaf, root, and sap nitrogen status using the SPAD-502 chlorophyll meter for orna-
mental shrubs. Commun. Soil Sci. Plant Anal. 38, 1785–1803. https://doi.org/10.
1080/00103620701435555.
Meyer, S., Cerovic, Z.G., Goulas, Y., Montpied, P., Demotes-Mainard, S., Bidel, L.P.R.,
Moya, I., Dreyer, E., 2006. Relationships between optically assessed polyphenols and
chlorophyll contents, and leaf mass per area ratio in woody plants: a signature of the
carbon-nitrogen balance within leaves? Plant Cell Environ. 29, 1338–1348. https://
doi.org/10.1111/j.1365-3040.2006.01514.x.
Mol, J.N.M., Holton, T.A., Koes, R.E., 1995. Floriculture: genetic engineering of com-
mercial traits. Trends Biotechnol. 13, 350–355. https://doi.org/10.1016/S0167-
7799(00)88980-5.
Muñoz-Huerta, R.F., Guevara-Gonzalez, R.G., Contreras-Medina, L.M., Torres-Pacheco, I.,
Prado-Olivarez, J., Ocampo-Velazquez, R.V., 2013. A review of methods for sensing
the nitrogen status in plants: advantages, disadvantages and recent advances. Sensors
(Basel). https://doi.org/10.3390/s130810823.
Neilsen, D., Hogue, E.J., Neilsen, G.H., 1995. Using SPAD-502 values to assess the ni-
trogen status of apple trees. Hortscience 30, 508–512.
Shaobing, Peng, Garcia, F.V., Laza, R.C., Cassman, K.G., 1993. Adjustment for specific leaf
weight improves chlorophyll meter’s estimate of rice leaf nitrogen concentration.
Agron. J. 85, 987–990. https://doi.org/10.2134/agronj1993.
00021962008500050005x.
Peoples, M.B., Dalling, M.J., 1988. The interplay between proteolysis and amino acid
metabolism during senescence and nitrogen reallocation. In: Nooden, L.D., Leopold,
A.C. (Eds.), Senescence and Aging in Plants. Academia Press, San Diego (CA), pp.
181–217. https://doi.org/10.1016/B978-0-12-520920-5.50012-2.
Poorter, H., Niinemets, Ü., Poorter, L., Wright, I.J., Villar, R., 2009. Causes and con-
sequences of variation in leaf mass per area (LMA): a meta-analysis. New Phytol.
https://doi.org/10.1111/j.1469-8137.2009.02830.x.
R Core Team, 2017. R: a Language and Environment for Statistical Computing.
Roorda Van Eysinga, J.P.N.L., Smilde, K.W., 1980. Nutritional Disorders in
Chrysanthemums. Wageningen. .
Royal FloraHolland, 2016. Jaarverslag 2016.
Tremblay, N., Wang, Z., Bélec, C., 2007. Evaluation of the dualex for the assessment of
corn nitrogen status. J. Plant Nutr. 30, 1355–1369. https://doi.org/10.1080/
01904160701555689.
Tucker, C.J., 1979. Red and photographic infrared linear combinations for monitoring
vegetation. Remote Sens. Environ. 8, 127–150. https://doi.org/10.1016/0034-
4257(79)90013-0.
Turner, F.T., Jund, M.E., 1994. Assessing the nitrogen requirements of rice crops with a
chlorophyll meter. Aust. J. Exp. Agric. 34, 1001–1005. https://doi.org/10.1071/
EA9941001.
Weinbaum, S.A., Johnson, R.S., Dejong, T.M., 1992. Causes and consequences of over-
fertilization in orchards. Horttechnology 2, 112–120 https://doi.org/
< p> </p> .
Xia, Y., Deng, X., Zhou, P., Shima, K., da Silva, J.A.T., 2006. The world floriculture in-
dustry: dynamics of production and markets. World Floric. Ornam. Mark. 4, 336–347.
Xiong, D., Chen, J., Yu, T., Gao, W., Ling, X., Li, Y., Peng, S., Huang, J., 2015. SPAD-based
leaf nitrogen estimation is impacted by environmental factors and crop leaf char-
acteristics. Sci. Rep. 5. https://doi.org/10.1038/srep13389.
Yoon, H.S., Goto, T., Kageyama, Y., 2000. Mineral uptake as influenced by growing
seasons and developmental stages in spray chrysanthemums grown under a hydro-
ponic system. J. Japanense Soc. Hortic. Sci. 69, 225–260. https://doi.org/10.1248/
cpb.37.3229.
J. Bracke, et al. Scientia Horticulturae xxx (xxxx) xxxx
13
